The immune response to hepatitis viruses is believed to be involved in the development of chronic hepatitis; however, its pathogenetic potential has not been clearly defined. The current study, using a transgenic mouse model of chronic hepatitis B, was designed to determine the relative contributions of the immune cell subsets to the progression of liver disease that induces hepatocellular carcinogenesis. Hepatitis B virus transgenic mice were adoptively transferred with CD4
INTRODUCTION
Hepatocellular carcinoma (HCC) occurs after many years of chronic hepatitis (1, 2) . During the process, both viral and host factors have been implicated in liver cell transformation and carcinogenesis. On the one hand, some viral proteins, i.e., hepatitis B virus (HBV) X protein (3, 4) and hepatitis C virus core protein (5, 6) , are considered to contribute to tumor development in the liver, because high-level expression of the proteins increases the incidence of HCC in transgenic mice. Furthermore, most tumors contain clonally integrated HBV DNA and microdeletions in the flanking cellular DNA, which could theoretically deregulate cellular growth control mechanisms (7) . And COOH-terminally truncated viral envelop proteins expressed from integrated subviral DNA may have transactivating activity (8, 9) and could potentially contribute to carcinogenesis in chronic HBV infection.
On the other hand, prolonged inflammation is thought to set up a cycle of liver cell destruction and regeneration, resulting in a mitogenic and mutagenic environment that can precipitate random genetic and chromosomal damage, and lead to the development of HCC (10 -12) . In patients with chronic hepatitis B and C, CD4 ϩ and CD8 ϩ T lymphocytes specific for the viruses are detectable in the peripheral blood and in intrahepatic infiltrates, and are suggested to play a role in the immune pathogenesis of liver disease (13) (14) (15) (16) . Furthermore, transfer of the virus-specific CD4 ϩ and CD8 ϩ T-cell clones was observed to induce acute necroinflammatory liver disease in the models of HBV transgenic mice (17) (18) (19) (20) . However, the relative contribution of CD4 ϩ and CD8 ϩ T lymphocytes to the induction of chronic liver cell injury was not determined, because the T-cell clones induced neither prolonged liver diseases nor HCC in the models of acute hepatocellular injury, and because the animal model that pathophysiologically reproduces human chronic viral hepatitis was not available. In an effort to clarify the carcinogenic potential of chronic inflammation, we have developed a model of chronic immune-mediated liver disease using HBV transgenic mice that express the envelop proteins in the hepatocytes (21) . The results demonstrate that continuous intrahepatic inflammation is sufficient to cause liver cancer in the absence of pre-existing viral transactivation, insertional mutagenesis, or genotoxic chemicals during chronic HBV infection.
We have shown recently that the administration of anti-Fas ligand (FasL) neutralizing antibody reduces hepatocyte apoptosis, proliferation, and liver inflammation, and eventually diminishes the development of HCC. This observation suggests a critical involvement of FasL-induced pathogenetic events in the process of hepatocarcinogenesis (22) . We have also reported evidence that the FasL-dependent pathway is critically involved in the development of acute liver cell injury induced by CD8 ϩ cytotoxic T-lymphocyte (CTL) clones (23, 24) . Because FasL is known to be expressed on activated T lymphocytes (25) (26) (27) (28) (29) , we speculated that the CD8 ϩ T-cell subset was implicated as a causative factor responsible for the chronic liver cell injury that promotes hepatocarcinogenesis.
To determine the involvement of immune cell subsets in the progression of chronic liver disease, the current experiment was performed in the model of chronic immune-mediated hepatitis in which T-and B-cell subset-depleted or -enriched splenocytes obtained from HBV-primed, nontransgenic mice were transferred into the transgenic recipients, and liver disease and tumor development were monitored. The results demonstrate that each cell subset causes unique kinetics of liver disease and different incidence of liver cancer. (30) . These mice express the HBV small, middle, and large envelope proteins in their hepatocytes (30, 31) , they are immunologically tolerant to HBsAg at the T-cell level (32) , and they display no evidence of liver disease during their lifetime although they do develop "ground glass" hepatocytes due to overexpression of the large envelope protein (30) . There is no X-RNA or X-protein expression detectable in the livers of these animals. 4 Importantly, the mice develop a severe MHC class I-restricted necroinflammatory liver disease after the adoptive transfer of HBsAg-specific CTLs (17, 18, 30) . Disease Model. To break tolerance at the B-and T-cell levels, HBV transgenic mice were thymectomized, bone marrow-reconstituted, and adoptively transferred with nontransgenic immune systems according to the procedures described previously (21, 33) . Briefly, 8 -10-week-old male transgenic mice were thymectomized. Seven days later the mice were irradiated (900 cGy) and then reconstituted by the i.v. injection of 10 7 bone marrow cells collected from the femurs and tibias of syngeneic nontransgenic B10D2 (H-2 d ) mice. One week after the bone marrow transfer, the animals were injected i.v. with the indicated numbers of splenocyte subsets from nontransgenic B10D2 (H-2 d ) mice that were infected i.p. with a recombinant vaccinia virus expressing HBsAg (HBs-vac) 3 weeks before the splenocyte transfer (17) . At the same time, transfer of total splenocytes from the primed nontransgenic mice and the unprimed transgenic littermates were performed for control purposes. The resultant hepatocellular injury was monitored biochemically as serum alanine aminotransferase (ALT) activity (10) . Results were expressed as mean units per liter Ϯ SE of serum ALT activity, and differences between groups were assessed for statistical significance by Student's t test. Tumor development was assessed by abdominal palpation and confirmed by autopsy at which time the number of tumors visible at the surface of each liver was counted, and the diameter of each tumor was measured with a millimeter rule. All of the experiments satisfied the Guidelines for the Care and Use of Laboratory Animals in Takara , and phycoerythrin-conjugated rat mAb specific for mouse CD8 (53-6.7), or CD19, which is a B cell-specific transmembrane protein (1D3; BD PharMingen), followed by fluorescence-activated cell sorter analysis. Immunohistochemical Analysis. Tissue samples were fixed in buffered zinc formalin (Anatech Ltd., Battle Creek, MI), embedded in paraffin, sectioned (at 3 m), and stained with H&E as described previously (21) . Some of the paraffin sections were treated with anti-proliferating cell nuclear antigen (PCNA) and anti-HBsAg primary solutions (Dako, Carpinteria, CA) at 1:10 and 1:1000 dilutions, respectively, followed by biotin-conjugated secondary antibody (Vector Laboratories, Inc., Burlingame, CA; Ref. 34) . PCNA ϩ and HBsAg ϩ cells were then visualized using a VECTASTAIN ABC Standard kit (Vector Laboratories), and the tissue sections were counterstained with hematoxylin before mounting. Liver tissue samples were also embedded in OCT compound (Sakura Finetek, Torrance, CA) and snap-frozen in liquid nitrogen. Cryostat sections of frozen tissues were fixed in 4% paraformaldehyde overnight at 4°C. After blocking biotin, the tissue sections were incubated with rabbit antimouse active caspase-3 antibodies (35) at a 1:400 dilution for 30 min at room temperature, followed by biotin-conjugated goat antirabbit IgG secondary antibodies (Vector Laboratories). The reaction was visualized in the same way as the PCNA staining described above. Terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) analysis was performed on serial liver sections according to the manufacturer's instructions (Roche, Indianapolis, IN).
MATERIALS AND METHODS

HBV
RESULTS
Cellular Basis for Prolonged Chronic Immune-Mediated Hepatitis in HBV Transgenic
Mice. To determine the relative contribution of immune cell subsets to prolonged chronic immune-mediated hepatitis in HBV transgenic mice, the splenocytes isolated from HBsAg-primed nontransgenic mice were depleted ( Fig. 1) or enriched ( Fig. 2 ) of CD4 ϩ and CD8 ϩ T cells and CD19 ϩ B cells, and they were then adoptively transferred into thymectomized, bone marrow-reconstituted HBV transgenic recipients. The kinetics of all of the disease manifestations was compared with that caused by total splenocyte transfer. As observed previously (21) , total cell transfer caused prolonged chronic hepatitis (Fig. 1) . Briefly, serum ALT activity increased from preinjection levels of 20 -40 units/liter to approximately 2000 -4000 units/liter within 7 days after adoptive transfer and fell progressively thereafter. Importantly, the ALT activity never returned to baseline in these animals, remaining at least two to three times above normal throughout the experiment. B cell-depleted splenocytes demonstrated disease kinetics comparable with that seen after total cell transfer. Similarly, CD4
ϩ subset-depleted splenocytes caused acute elevation of serum ALT activity within 7 days after the transfer, and the animals developed persistent liver disease, although the peak of disease activity was lower than that seen after total cell transfer. In contrast, CD8 ϩ subset depletion markedly reduced the peak and diminished the disease activity in the chronic phase later than 7 days. In addition, we assume that a contaminating 1.4% (1.3 ϫ 10 6 ) of CD8 ϩ T cells in this CD8 ϩ subset-depleted population may not influence the kinetics of liver disease, because we observed that transfer of 1 ϫ 10 7 total splenocytes, which contained ϳ20% (2 ϫ 10 6 ) CD8 ϩ T cells, did not cause elevation of ALT in this model. 4 Consistent with the differences in the kinetics of liver disease induced by the subset-depleted cells, transfer of CD8 ϩ subsetenriched splenocytes displayed the prolonged kinetics comparable with total cell transfer except for the lower peak of ALT (Fig. 2) . In contrast, CD4 ϩ subset-enriched cells caused a transient elevation of ALT 7 days after adoptive transfer that seemed to improve 14 days after the transfer. In addition, we confirmed that transgenic splenocytes induce no disease in the recipient mice, indicating that all subsets of transgenic splenocytes are perfectly immunologically tolerant to the viral antigens as observed previously (21) . Whereas these subset-enriched splenocytes included unidentified non-T and non-B cells that might influence the kinetics of liver disease, the data collectively demonstrate that CD8 ϩ T lymphocytes contributed not only to the induction of hepatocellular injury but also to the maintenance of disease activity in the HBV transgenic mouse model.
In the analysis of liver histology (Fig. 3, A and B ) the mice transferred with total splenocytes and with CD8
ϩ subset-enriched cells demonstrated severe infiltration of inflammatory cells, apoptotic and necrotic hepatocytes, many necroinflammatory foci, and mitotic figures. In contrast, the liver samples of mice transferred with the CD4 ϩ subset-enriched cells showed reduced infiltration of inflammatory cells, and minimal induction of apoptosis and liver cell injury. Consistent with the differences in disease activity revealed by the change in the serum ALT level, the results indicate that the CD8 ϩ subset was critically involved in the histological changes of pathological features associated with the establishment of prolonged chronic hepatitis seen in this model.
Apoptosis and Regeneration of Hepatocytes Induced by Differential Immune Cell Subsets in Prolonged Chronic Liver Disease.
To monitor the hepatocyte destruction and regeneration caused by inflammation with immune cell subsets, the activation of the caspase cascade was determined immunohistochemically using mAb specific for the activated form of caspase-3. Degradation of DNA from apoptotic hepatocytes was measured by nuclear staining using the TUNEL method, and hepatocyte proliferation was assessed with mAb specific for PCNA (Fig. 4, A and B) . Consistent with the differences in the serum levels of ALT activity, CD8
ϩ subset-enriched splenocytes induced marked caspase-3 activation and DNA degradation, comparable with the effects seen with total splenocytes, whereas CD4 enrichment diminished the number of active caspase-3 ϩ and TUNEL ϩ hepatocytes. A pair of serial sections in mirror-image orientation stained with antiactive caspase-3 antibodies and the TUNEL method revealed that strong caspase-3 activation and DNA degradation were occurring in hepatocytes along the edge of the area where massive infiltrating cells were found. These data suggest that massive hepatocyte apoptosis may be caused by extensive infiltration of the transferred CD8 ϩ splenocyte subset into the liver tissues. In addition, the observation at the single cell level indicated that the hepatocytes stained by the antiactive caspase-3 and by the TUNEL method did not seem to perfectly coincide. We speculate that this could be due to the difference in the phase of apoptotic process, because caspase activation and DNA degradation may be detected in the earlier and the later phases by the two independent methods, respectively. We also observed many PCNA ϩ hepatocytes when total and CD8 ϩ subset-enriched splenocytes were transferred. In contrast, we found only a few PCNA ϩ hepatocytes in mice transfused with CD4 ϩ cells, where most of the PCNA ϩ cells were infiltrating inflammatory cells. Taken together, these results indicate that CD8
ϩ T cells played a major role in induction of hepatocyte apoptosis and regenerative hepatocyte proliferation in this hepatitis model; CD4 ϩ T cells did, however, play a minor role, especially in an early period of the acute phase.
Hepatocarcinogenesis Associated with Prolonged Chronic Liver Disease Induced by Differential Immune Cell Subsets. We have reported that HCC development was primarily dependent on prolonged chronic inflammation in the liver after transfer of HBsAgprimed, total splenocytes (21) . To evaluate the relative procarcinogenic potential of liver disease induced by differential immune cell subsets, tumor development was monitored for 11-22 months in the mice transferred with the primed splenocyte subsets ( Table 1) . Twelve of the 14 animals transferred with CD8 ϩ subset-enriched splenocytes developed HCC, the incidence of which was comparable with that seen after total cell transfer (11 of 12; Refs. 21, 22) . Most of them displayed multiple tumors, the size of the largest tumor was ranging up to 20 mm in diameter, and they illustrated the classical histological features of well-differentiated HCC including clear cells (Fig. 5, A and  F) . The surrounding hepatic parenchyma displayed focal lobular inflammatory infiltrates associated with degenerating hepatocytes, marked lobular disarray, fatty deposits, and clear tumor cell nests. The expression of HBsAg was abolished or decreased to a great extent in the tumor cells probably due to the altered transcription state (10, 11), whereas it was detectable in the surrounding parenchyma (Fig. 5, B and G). Even in the surrounding tissue the levels of expression were diminished, which was presumably due to long-term persistent inflammatory stimulation via noncytolytic cytokine-dependent mechanisms (36, 37) . In addition, well-differentiated HCC consisting of tumor cells with large amounts of fatty deposits (Fig. 5C) were seen in the same liver tissue of the mouse indicated in Fig. 5A , suggesting a high potential for tumorigenesis induced by chronic immune-mediated liver disease. In tumor tissues of the mice transferred with CD8 ϩ subset-enriched cells, we observed both highly differentiated, fat deposited neoplastic hepatocytes (Fig. 5H, right area) and poorly differentiated, sarcomatous components (Fig. 5H, left area) . Furthermore, 2 of the mice were complicated with the rupture of HCC and bloody ascites (Fig. 5, I and J) . All of the data indicate that prolonged chronic inflammation caused by the CD8 ϩ subset displayed virtually the same effects as that by total splenocytes on the induction of hepatocarcinogenesis.
In contrast, the animals transferred with CD4 ϩ subset-enriched splenocytes displayed a lower potential for hepatocarcinogenesis, in which 4 of the 17 mice developed HCC (Table 1) . However, the tumors were histologically identical to those in the animals transferred with total splenocytes (Fig. 5, D and E) . Interestingly, the numbers and sizes of tumors were comparable among the mice complicated with HCC after the transfer with total, CD4 ϩ , or CD8 ϩ subsetenriched splenocytes [numbers of liver tumors/sizes (mm) in diameter of largest tumors (means Ϯ SE); 4.2 Ϯ 2.1/8.9 Ϯ 1.7, 3.3 Ϯ 1.3/ 7.8 Ϯ 2.4, and 3.0 Ϯ 0.7/10.2 Ϯ 1.0, respectively; P Ͼ 0.5] ( Table 1 ). The data indicate that the pathogenetic events induced by individual Fig. 2 T-cell subsets influenced the potential in triggering the process of hepatocarcinogenesis rather than promoting tumor growth thereafter, resulting in different incidence of liver tumor. In addition, the mice thymectomized, irradiated, and transferred with splenocytes from the syngeneic transgenic animals or the unmanipulated controls developed no liver tumors. Collectively, the results demonstrate that each subset of the immune cells may individually contribute to the HCC development in this model. The CD8 ϩ subset plays a primary role in the maintenance of chronic liver disease and induction of liver tumors, whereas the CD4 ϩ subset displays a minimal potential for tumorigenesis during the process of prolonged chronic inflammation in the liver.
DISCUSSION
The current study indicates that T cells, especially the CD8 ϩ subset, rather than B cells are primarily responsible for the induction of prolonged liver injury in a mouse model of viral hepatitis. In contrast to the CD8 ϩ T-cell subset, CD4 ϩ T cells caused milder hepatic injury that seemed to improve shortly after the transfer as seen at the transaminase level. Consistent with the severity and duration of persistent liver disease, CD8 ϩ T cells displayed strong induction of hepatocellular apoptosis, inflammation, and regenerative proliferation that sets up a cycle of liver cell destruction and regeneration. Furthermore, the pathogenetic events induced by individual T-cell subsets exerted their different potential in triggering the oncogenic process of hepatocarcinogenesis. On the basis of these results, we suggest that CD8 ϩ T lymphocytes can principally contribute to the progression of chronic liver disease and the initiation of a complex sequence of events that leads to the development of HCC.
In the previous study, we observed that CD8 ϩ CTL clones caused liver cell apoptosis by activating the FasL/Fas-, perforin/granzyme-, and cytokine-dependent death pathways in the model of acute hepatocellular injury (24) . Additionally, the liver cell injury was amplified by inflammation that may be exaggerated by FasL expressed on CD8 ϩ CTL clones (18, 19) . Similarly, the histological findings in the current study indicated that an intracellular caspase cascade, which is a death pathway of hepatocytes, was strongly activated after CD8 ϩ T-cell transfer, and hepatocyte apoptosis was detectable along the area with inflammatory infiltrates. The massive cell loss through inflammation was thought to stimulate the regenerative proliferation of hepatocytes. These data suggest that the effector mechanism for chronic liver disease induced by CD8 ϩ T cells may be similar to acute liver cell injury induced by the CTL clones.
In other mouse models, liver cell injury was induced by transfer of CD8
ϩ CTL clones or hepatotoxic agents, and demonstrated (17, 18, 30, 38) . In the current experiment, prolonged immune-mediated hepatitis was established after transfer of CD8 ϩ T cells obtained from HBsAg-primed, nontransgenic mice to the transgenic recipients. We speculated that the transferred, CD8
ϩ T cells primarily contributed to the unique kinetics of liver disease because the CD8 ϩ subset of splenocytes were prepared without an in vitro stimulation, indicating that not only effector but also memory T cells were included in the transplanted cells. CD8 ϩ memory T cells were reported recently to have a longer life span than CD4 ϩ memory T cells (39) . Thus, the lymphocytic choriomeningitis virus-specific CD8 ϩ T cells appeared to survive in secondary lymphoid organs (periphery) and display their antiviral effects for Ͼ2 years (40 -42). Consistent with this finding, we observed previously that the HBsAg-specific, CD8
ϩ CTL response was detected in the splenocytes 17 months after adoptive transfer in this chronic disease model (21) . Collectively, the transferred, memory CD8 ϩ T cells are estimated to home to and survive in secondary lymphoid organs for Ͼ1 and 1.5 years, and suggested to continuously supply effector T cells into liver tissue through blood flow, which can recognize HBsAg expressed on the hepatocytes and maintain hepatocellular injury.
During the carcinogenetic process, it has been suggested that latent genetic mutations in the cells can be induced to undergo clonal selection in the initiation stage, and that the growth of the initiated cells that carry the first mutation can be stimulated in the promotion stage (43) . Accordingly, the oncogenic potential in the initiation and ϩ T-cell subsets caused differences not in the numbers or sizes but in the incidences of HCC, suggesting that the pathogenetic events directly affected neither stage of carcinogenesis. We speculate that the events induced by the individual subsets might be involved in triggering carcinogenetic environment to different extents in the earlier stage than in the initiation. And, irrespective of the causative T-cell subsets, initiation and promotion of HCC would occur when such environment was generated. This sequence of events suggests that the regulation of T cell-induced environment in the early period of hepatocarcinogenesis may inhibit tumor cell initiation and cancel HCC  56  16  19  3  10  HCC  60  18  21  2  20  HCC  85  18  21  3  3  HCC  88  17  20  1  4  HCC  131  17  19  2  8  HCC  185  11  14  3  3  HCC  198  15  18  1  3  Adenoma  227  13  16  1  5  HCC  269  15 The precise mechanisms of hepatocarcinogenesis during chronic viral hepatitis still remain unanswered. Within the entire spectrum of carcinogenic pathways including hepatic cell injury (13, 44, 45) , proliferation (46 -48) , altered gene expression (49, 50) , and the role of p53 (51) (52) (53) (54) , the current study design evaluating the late events in the carcinogenic process may not be sufficient to discuss the disease hypothesis. However, it is most likely, based on the striking similarity of the disease processes in human viral hepatitis and the animal model used in the current study (21, 22) , that the T-cell subsets are critically involved in the pathogenesis of HCC associated with chronic hepatitis B. Elucidating the contribution of immunological events to the HCC development should be important not only for understanding the pathogenesis of liver cancer, but also for establishing new cancerpreventive treatments for patients with viral hepatitis. ϩ T cell-enriched (F-J) splenocytes in a transgenic mouse model of chronic hepatitis B. The mice described in the legend to Fig. 2 were killed Ͼ11 months after the transfer, and liver tissues were stained with H&E (A, C-F, H, and J) and for hepatitis B surface antigen (HBsAg; B and G). Tumors in mice transferred with total splenocytes display histological evidence of well-differentiated HCC (arrowheads; A). The surrounding hepatic parenchyma show focal lobular inflammatory infiltrates associated with degenerating hepatocytes and marked lobular disarray. HBsAg expression is abolished in the tumor cells (arrowheads), whereas it is detectable in the surrounding parenchyma (B). In the same liver tissue as in A, well-differentiated HCC is seen that consists of tumor cells with large amounts of fatty deposits (arrowheads; C). Animals that received CD4
ϩ -enriched cells demonstrate lower levels of inflammatory infiltrates (D) and clear tumor cell nests (arrowheads; E). Comparable with the mice that received total splenocyte transfer, animals that received CD8
ϩ -enriched cells show well-differentiated HCC including clear cells (arrowheads; F), the histological features of chronic liver disease in the surrounding hepatic parenchyma, and the suppression of HBsAg expression in the tumor cells (arrowheads; G). In tumor tissues, both highly differentiated, fat-deposited neoplastic hepatocytes (arrow; H, right area) and sarcomatous component (H, left area) were seen. Furthermore, the mice were complicated with the rupture of HCC (arrows; I and J). Original magnifications: ϫ100 (A, D, E, F, and J), ϫ40 (C), and ϫ200 (B, G, and H). The bar represents 10 mm (I). 
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